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Spin-flip Raman scattering of electrons and heavy-holes is studied for resonant excitation of neu- 
tral and charged excitons in a CdTe/Cdo.63Mgo.37Te quantum well. The spin-flip scattering is 
characterized by its dependence on the incident and scattered light polarization as well as on the 
magnetic field strength and orientation. Model schemes of electric-dipole allowed spin-flip Raman 
processes in the exciton complexes are compared to the experimental observations, from which we 
find that lowering of the exciton symmetry, time of carrier spin relaxation, and mixing between 
electron states and, respectively, light- and heavy-hole states play an essential role in the scattering. 
At the exciton resonance, anisotropic exchange interaction induces heavy-hole spin-flip scattering, 
while acoustic phonon interaction is mainly responsible for the electron spin-flip. In resonance with 
the positively and negatively charged excitons, anisotropic electron-hole exchange as well as mixed 
electron states allow spin-flip scattering. Variations in the resonant excitation energy and lattice 
temperature demonstrate that localization of resident electrons and holes controls the Raman pro- 
cess probability and is also responsible for symmetry reduction. We show that the intensity of the 
electron spin-flip scattering is strongly affected by the lifetime of the exciton complex and in tilted 
magnetic fields by the angular dependence of the anisotropic electron-hole exchange interaction. 

PACS numbers: 78.30.Fs, 78.67.Dc, 71.70.Gm, 71.70.Ej, 78.66. Hf 
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I. INTRODUCTION 

The dynamics of carrier spins in low-dimensional semi- 
conductor structures attract remarkable interest due to 
the possibilities of spin storage and transfer and related 
information processing^— . For spin electronic and quan- 
tum information applications, understanding of the fun- 
damental interactions between confined carrier spins is 
essential, since these interactions may limit information 
handling due to spin relaxation^. An essential interac- 
tion between two confined carrier spins is the exchange 
interaction^— arising from the carrier-carrier Coulomb 
interaction. The exchange interaction can be divided 
into isotropic and anisotropic contributions. While the 
isotropic exchange conserves the total spin of both car- 
riers involved, the anisotropic one leads to spin relax- 
ation. In that context, relaxation due to electron- hole 
exchange and due to exchange interaction between iden- 
tically charged carriers (electrons or holes) need to be 
considered^. So far, exchange-related spin relaxation 
has been studied mostly for donor-bound electrons^—. 
The effect of anisotropic exchange interactions between 
an exciton and a resident electron or hole localized by 
potential fluctuations in a quantum well (QW) has not 
been addressed in detail yet. 

The resonant spin-flip Raman scattering (SFRS) tech- 
nique offers the possibility to study carrier spins in semi- 
conductor nanostructuresi 3 - - — . By means of SFRS the g 
factors of carriers can be measured, thus supporting the 
identification of the type of carriers involved in the scat- 
tering. In CdTe QWs the SFRS technique was used to 
measure the electron and exciton g factors-^—. Their de- 
pendences on the QW confinement and splitting between 



light-hole and heavy-hole states were determined. While 
the exciton-SFRS is arranged via simultaneous spin-flips 
of the constituents electron and hole, single carrier spin- 
flip of the electron or hole violates the conservation of the 
angular momentum in high-symmetry low-dimensional 
structures (e.g. with Z?2d symmetry). Possible mecha- 
nisms due to which the resonant Raman spin-flip of the 
electron or hole can nevertheless take place have not been 
discussed ye t 16 ' 18 i 19 . 

In this paper, we report on the experimental study of 
SFRS in a CdTe/Cdo.esMgo^Te quantum well. The Ra- 
man scattering processes of the electron and heavy-hole 
spins are compared for resonant excitation of the neu- 
tral as well as positively and negatively charged excitons. 
We demonstrate that the spin-flip scattering of a sin- 
gle electron or hole in a neutral exciton becomes allowed 
when the exciton symmetry is reduced. As a result of 
the lifting of the angular momentum conservation, elec- 
trons and/or holes can mutually interact via anisotropic 
exchange. Also, a magnetic field tilted with respect to 
the QW growth axis can provide an electron- or a hole- 
SFRS process. The scattering via an acoustic phonon 
or isotropic exchange supports the symmetry-breaking 
in order to fulfill the required energy conservation. The 
strength and angular dependence of the electron-hole and 
hole-hole anisotropic exchange interactions and the un- 
derlying role of electron and hole localization in the QW 
for the SFRS are discussed. 

The paper is organized as follows: in Sec. [II] the stud- 
ied sample and the experimental setup are specified. In 
Sec. IIII A[ the photoluminescence of neutral and charged 
excitons in dependence on the magnetic field is shown. In 
Sec. IIII Bl the properties of the electron- and heavy- hole- 
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SFRS in Faraday geometry are described. In Sec. MI Cl it 
is illustrated how the shift and intensity of the SFRS 
resonances vary with the angle between the magnetic 
field direction and QW growth axis. In the following 
Sec. IIIIDi the impacts of lattice temperature and power 
density of above-barrier illumination on the electron- and 
hole-SFRS intensities are shown. Sec. IIVI is concerned 
with model SFRS mechanisms for different geometries 
as well as basic information on carrier-carrier exchange 
interactions. In Sec. [V] the mechanisms of the exper- 
imentally determined electron and heavy-hole spin-flips 
are discussed for resonance excitation of the exciton and 
trions. 



II. EXPERIMENTAL DETAILS 
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The studied CdTe/Cdo.63Mgo.37Te quantum well 
structure (#090505AC), grown by molecular-beam epi- 
taxy on a (lOO)-oriented GaAs substrate, consists of a 
single 20-nm-thick CdTe quantum well embedded be- 
tween 120-nm-thick and 150-nm-thick Cdo.63Mgo.37Te 
barriers. Although the sample is nominally undoped, the 
QW contains resident carriers, in the majority holes, due 
to impurities in the barrier o 20 ^ 21 . The concentration of 
the resident holes is about 10 10 cm~ 2 as evaluated from 
magnetoreflectivity spectra of charged excitons 2 ^. It ex- 
ceeds the resident electron concentration by at least one 
order of magnitude. Both carrier types can still coexist 
being spatially separated in the QW plane in localiza- 
tion islands. The concentration and even the type of the 
majority resident carriers can be tuned by additional il- 
lumination with photon energies exceeding the band gap 
of the Cdo. 63 Mg . 37 Te layers of 2.26 eV32i 

Photogenerated electrons are collected from the 
Cdo.63Mgo.37Te layers into the CdTe QW, as illustrated 
in Fig.[lja). The holes remain in the barriers, being cap- 
tured by surface states or trapping centers^. Depending 
on the illumination intensity two-dimensional electron 
gas densities up to a few 10 10 cm -2 can be achieved. For 
below-barrier excitation electron-hole pairs are generated 
only in the CdTe QW and thus the density of the resi- 
dent carriers is not changed. Such optical tuning of the 
resident carrier concentration is suitable for a compara- 
tive study of negatively and positively charged excitons 
in the same structure, avoiding technological variations 
if different samples would be examined. In the following, 
we will specify p-type and n-type regimes in the QW for 
the cases without and with above-barrier illumination, 
respectively. 

The SFRS experiments were performed in high mag- 
netic fields up to 10 T and at low temperatures ranging 
from 1.3 to 9 K. For resonant excitation of the neutral 
and charged exciton states a tunable continuous-wave 
(CW) Ti:Sapphire laser was used with a power density on 
the sample of about 0.5 W/cm 2 . The additional above- 
barrier illumination was provided by a CW laser with a 
photon energy of 2.33 eV using power densities P a be- 



FIG. 1. (Color online) (a) Band structure of the studied 
CdTe/(Cd,Mg)Te QW. Electrons (closed circles) and holes 
(open circles) are photogenerated by above- or below-barricr 
excitation with photon energies of E a = 2.33 eV and Eb = 
1.62 eV, respectively, (b) a~ circular-polarized PL spectra 
for linearly polarized above- and below-barrier excitation at 
B — 7 T in the Faraday geometry. T = 1.8 K. Excitation 
densities are P a = 0.05 W/cm 2 and P b = 0.8 W/cm 2 . (c) 
Magnetic field dependence of the PL line energies for both 
excitation energies. In high magnetic fields Zeeman splitting 
between er + (closed symbols) and a~ (open symbols) circular- 
polarized components is observed for each line, (d) Circular 
polarization degree p c of the emission of neutral excitons and 
positively and negatively charged excitons vs magnetic field. 

tween 10 -4 and 15 W/cm 2 . For below-barrier excitation 
a semiconductor laser with a photon energy of 1.62 eV 
was used. The laser beams for resonant excitation and 
illumination were directed to a joint position on the sam- 
ple. The diameters of the laser spots were typically 
0.5 mm. The circular or linear polarization of the ex- 
citing photons was selected by a Glan- Thompson prism 
combined with a quarter-wave or half-wave retardation 
plate. Corresponding polarization optics were used for 
analysis of the polarization of the Raman signal emitted 
from the sample. 

The scattered light was dispersed by a triple- 
spectrometer (Princeton Instruments TriVista 555) con- 
sisting of three single 0.5 m spectrometers that can be 
operated in different modes. In the additive mode all 
spectrometer stages contribute to positive light disper- 
sion with a total focal length of 1.5 m, thus providing a 
spectral resolution of about 0.03 meV for the slit width of 
10 /im. The signal was detected by a photomultiplier. A 
charge-coupled-device (CCD) camera was used with the 
spectrometer operated in the subtractive mode. Here, 
the first two stages act as tunable bandpass filter provid- 
ing high stray-light rejection. 

Raman spectra were measured in backscattering geom- 
etry: incident and scattered light, propagating in oppo- 
site directions, were directed along the structure growth 
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axis (z-axis). The magnetic field B was applied either 
along (Faraday geometry, B || z) or perpendicular (Voigt 
geometry, B _L z) to the growth axis. The SFRS sig- 
nal was analyzed with respect to its circular polariza- 
tion as indicated by the notation z(a r) , a 7 )z or in short 
(cr' ) , cr 7 ). 23 Here, z and z designate the optical z-axis and 
a 71 and cr 7 the circular polarizations of the incident and 
scattered light, respectively. The sign of r\ and 7 is de- 
termined by the sign of the photon angular momentum 
projection on the optical axis. For angular dependent 
SFRS measurements, the angle 9 between the magnetic 
field direction and z-axis was varied from 0° to 90°. Since 
in tilted geometry the optical selection rules are lifted, 
the polarization was changed from circularly polarized to 
cross-linearly polarized. A crossed polarization configu- 
ration allowed us to strongly reduce the laser stray- light. 



III. EXPERIMENTAL RESULTS 
A. Photoluminescence in magnetic field 

The photoluminescence (PL) of neutral and charged 
excitons in the CdTeZCdo.63Mgo.37Te QW is shown in 
Fig. QTb) for a magnetic field of B = 7 T and T = 1.8 K. 
Let us firstly consider below-barrier excitation at a pho- 
ton energy of E^ — 1.62 eV. The weak PL line at 
1.6031 eV stems from the recombination of heavy-hole 
(hh) excitons. The more intense line, shifted to lower 
energy relative to the exciton (X) one, is attributed to 
positive trion (T + ) recombination, see Ref. [2l] for de- 
tails. When the sample is excited by laser light with 
E a = 2.33 eV the type of resident carriers is tuned from 
holes to electron s 20 ' 21 . Consequently, the negative trion 
(T _ ) emission line emerges. It has a larger low-energy 
shift relative to the exciton emission as compared to the 
T + line. The energy differences between exciton and the 
trions correspond to the binding energies of T + and T _ . 

In Figure HJc) the energies of the circular-polarized ex- 
citon and trion emission lines in external magnetic fields 
are shown for both below- and above-barrier excitations. 
They are contributed by the diamagnetic shift of the ex- 
citon complexes and the Zeeman splitting. The lines 
shift to higher energies with increasing magnetic field 
and experience an increasing splitting between the a~ 
(open symbols) and er + (closed symbols) polarized com- 
ponents^. 

In Figure [Tf d) the magnetic field dependences of the 
circular polarization degree of the exciton and trion emis- 
sion are depicted. The polarization degree is calculated 
by p c = (I + — + I~) from the PL intensities 

for cr + and cr - polarized light. It was found that in 
the studied QW both electron and heavy-hole g factors 
have negative signal. Therefore, the emissions from the 
singlet states of the T + and T~ trions have opposite cir- 
cular polarizations. The T + trion PL is dominantly a~ 
polarized, whereas the T _ trion emission is more intense 
in cr + polarization. Thus, a negative p c is assigned to 
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FIG. 2. (Color online) SFRS Stokes-spectra in Faraday geom- 
etry for co- and counter-circular polarizations at B = 9 T and 
T = 1.8 K. (a) The exciton is resonantly excited at an energy 
of En = 1.6043 eV. The laser line is at zero Raman shift. The 
strong intensity of the (a + ,a + ) polarized SFRS spectrum is 
scaled down by a factor of 0.5 for better comparison, (b) 
The sample is additionally illuminated above barrier with ex- 
citation power P a = 0.04 W/cm 2 . Electron and heavy-hole 
spin-flip Raman lines as well as broad exciton PL are marked 
by arrows. 



positive trions, while p c > is characteristic for negative 
trions. 



B. Spin-flip Raman scattering 



In Figure [2] SFRS Stokes-spectra for the co-circular 
(ct + ,<7 + ), (er~,er~) and counter-circular (er + ,(7~), 
(<7~,<7 + ) polarization configurations are shown. The 
spectra were measured at B — 9 T in Faraday geom- 
etry (B || z) and T = 1.8 K. The excitation energy 
En = 1-6043 eV is in resonance with high-energy side 
of the exciton PL. For this excitation two SFRS lines 
are observed on top of the PL background, see Fig.[5Ja). 
Their Raman shifts of 0.89 and 0.70 meV, reflecting Zee- 
man splittings of |g|/iBi? with the Bohr magneton /ib, 
correspond to the longitudinal g factors \gl \ = 1.71±0.01 
of the electron (e) and \g\j\ — 1-34 ± 0.02 of the heavy- 
hoieifi^LSl. 

The e- and hh-SFRS lines are detected for both co- 
and cross-circular polarizations. While the e-SFRS is 
dominant in the (cr + .cr~) configuration, the heavy-hole 
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FIG. 3. (Color online) SFRS Stokes-spectra in Faraday ge- 
ometry measured at one of the trion resonances for co- and 
cross-circular polarizations at B = 9 T and T = 1.8 K. (a) Ex- 
citation of the positive trion yields an e-SFRS in the (a + , o~) 
configuration, (b) Under above-barrier illumination at the 
T~ resonance the e-SFRS is enhanced in the cross-polarized 
((T + ,(T~) configuration. Under the illumination the trion PL 
is shifted to lower energies and its peak is seen at a Raman 
shift of about 0.4 meV. 



spin- flip is most intensive in (<t + ,ct + ). The ratios of 
the SFRS intensities 7sf for the polarization configu- 



rations (er + ,er ) : (a + ,a + ) : (a , <7 ) : (<7 
En = 1.6043 eV are given by 



X-resonance: 



e-SFRS: 
hh-SFRS: 



1 : 0.31 : 0.39 : 0.15 
0.27 : 1 : 0.33 : 0.28 



■) at 



(1) 



The intensities of the e-SFRS line in the co-polarized 
configurations are about 1/3 of that in the (a + , a~ ) con- 
figuration, while Isf(ct~ is only 1/7 of Isf(& + ,&~) 
for the Stokes shifted lines. For the anti-Stokes pro- 
cesses (not shown here), where the scattered photon has 
a higher energy than the incident one, the e-SFRS line 
is most intensive in the (er~,cr + ) configuration. The hh- 
SFRS has highest intensity for the (er + , a + ) configuration 
both for Stokes and anti-Stokes lines. In the other config- 
urations Isf is reduced by a factor of 3 for the hh-SFRS 
line. 

Above-barrier illumination changes the intensities of 
both SFRS lines, see Fig. H». The e-SFRS line is en- 
hanced by about one order of magnitude, while the hh- 
SFRS line vanishes. This agrees well with our knowl- 
edge on the illumination effect, which provides resident 
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FIG. 4. Magnetic field dependence of the spin-flip Raman 
shifts of electron and heavy-hole in Faraday geometry at T = 
1.8 K. The resonant excitation energy is Er = 1.6043 eV. 
The e-SFRS line (closed squares) shifts linearly with magnetic 
field, as illustrated by a linear fit (solid line). The hh-Raman 
shift (open circles) deviates from the linear behavior for B > 
5 T. 



electrons in the QW and, therefore, diminishes the con- 
centration of the resident holes in favor of the electrons. 
The intensity ratios of the e-SFRS lines for the different 
polarization configurations are 1 : 0.36 : 0.42 : 0.20. In 
comparison to the ratios in Eq. ([1]) , the illumination does 
not significantly change the relative intensities among the 
different configurations. Furthermore, the full width at 
half maximum (FWHM) of the e-SFRS line given by 
about 0.08 meV is not influenced by the illumination. 
This FWHM is mainly determined by the variation of 
the electron g factor in the QW. 

Moving the excitation laser to the trion resonances re- 
sults in considerable modification of the SFRS spectra. 
In Figure [3ja) the SFRS spectra for resonant excitation 
of the high-energy side of the T + PL are shown. The hh- 
SFRS line is absent in all polarizations and the e-SFRS 
is seen only in the (cr + , cr~) configuration. Its intensity is 
approximately four times weaker than at the exciton res- 
onance. In FigureGHb) the SFRS spectra with the illumi- 
nation giving rise to resident electrons are shown. At the 
T~ resonance the e-SFRS intensity is enhanced in cross- 
circular polarization (a + , a~ ) , and also a weak resonance 
is observed in (<r~ , <r~) configuration. On the anti-Stokes 
side (not shown here) the e-SFRS is detected in the op- 
posite (er~,er + ) and (a + ,a + ) configurations. Similar to 
the T + trion, the hh-SFRS is absent for the T~ trion ex- 
citation. Worthwhile to remind here that in the studied 
sample without illumination a coexistence of the resident 
holes and electrons (with considerably smaller electron 
density compared to the hole one) has been established 20 . 
Therefore, the weak e-SFRS signal in Fig. Eta) may be 
related to T~ trions. 

The dependence of the electron and heavy-hole spin- 
flip Raman shifts on magnetic field in the Faraday ge- 
ometry is plotted in Fig. 3J Specific experimental condi- 
tions were chosen in order to avoid a spectral overlap of 



5 




1.598 1.600 1.602 1.604 1.606 1.608 
Excitation energy (eV) 

FIG. 5. (Color online) SFRS resonance profiles of electron and 
heavy-hole in Faraday geometry at B — 9 T and T = 1.8 K. 
The electron-SFRS line is measured with (black triangles) and 
without (red squares) above-barrier illumination. The heavy- 
hole SFRS (blue circles) is obtained for resonant excitation 
of the exciton. The solid lines are guides to the eye. A PL 
excitation spectrum detected at 1.5977 eV and at B — 9 T is 
shown by the dashed line. The exciton and trion peaks are 
marked by vertical arrows, (b) SFRS resonance profiles for 
electron and heavy- hole measured in (a + ,a + ) configuration. 
Experimental conditions and symbols are same as in panel 
(a). 



tion energy across the exciton and trion resonances are 
shown for cross-circular polarization (cr + ,<7~). Profiles 
for the e-SFRS with (black triangles) and without (red 
squares) illumination as well as for the hh-SFRS (blue cir- 
cles) without illumination are measured in the Faraday 
geometry at B = 9 T. The hh-SFRS has maximal inten- 
sity at Er = 1.6039 eV and is absent across the entire 
trion resonance. The e-SFRS shows a peak at 1.6043 eV 
and possesses a second maximum at 1.6013 eV, which is 
about fifteen times smaller than the high-energy maxi- 
mum (note the break of the intensity scale). The reso- 
nance profiles also indicate that the e-SFRS intensities 
for resonant excitation of the exciton or trion states are 
enhanced by illumination, but their energy positions do 
not change. 

For comparison, a photoluminescence excitation (PLE) 
spectrum measured at B = 9 T and T = 1.8 K is shown 
by the dashed line in Fig. 02a). The PLE peaks of exci- 
ton and trion do not coincide with the SFRS resonance 
profile maxima. The SFRS intensities are maximal at the 
high-energy flanks of both PLE peaks. At these energies 
weakly localized states are probed^. Moreover, the shift 
of the e-SFRS profiles at the exciton resonance corre- 
sponds to the electron Zeeman splitting of about 1 meV 
at B = 9 T. This demonstrates that the SFRS is more 
efficient for the outgoing scattering channel (exciton re- 
combination), when the energy of the scattered photon 
coincides with the exciton transition. 

The spectral dependences of the e-SFRS and hh-SFRS 
intensities in the co-polarized configuration (a + ,a + ) are 
compared in Fig. [5jb). Only in resonance with the exci- 
ton both SFRS lines are observed. The hh-SFRS shows 
a resonance profile spectrally similar to that in (cr + , cr~), 
while the width of the e-SFRS resonance profile is nar- 



both SFRS lines for the excitation energy of 1.6043 eV. 
The hh-SFRS line is detected in the (<7 + ,er + ) configu- 
ration and the e-SFRS is measured with illumination in 
the (<7 + ,ct~) configuration, see Fig. [5] The e-SFRS line 
(closed squares) shifts linearly with increasing magnetic 
field with a slope corresponding to the electron g factor 
value of 1.71. The linear shift of the e-SFRS and its slope 
value are the same for resonant excitation of exciton and 
trion. In low magnetic fields (B < 5 T) the shift of the 
hh-SFRS line (open circles) within the experimental error 
is identical to that of the electron. In these fields Zeeman 
splittings and, correspondingly, longitudinal g factors of 
electrons and heavy-holes are equal. For magnetic fields 
exceeding 5 T the hh-SFRS shift deviates from the lin- 
ear dependence tending toward saturation. In such high 
magnetic fields the mixing of heavy-hole and light-hole 
(lh) states becomes essential^!, leading to a reduction of 
the heavy-hole g factor. 

The excitation spectrum of the electron- and heavy- 
hole-SFRS is illustrated in Fig. Efa). Here, changes in 
the intensity of the SFRS lines by varying the excita- 



C. Angular dependence of SFRS 

Further details on the electron and heavy-hole g fac- 
tor tensors as well as the SFRS processes are revealed 
by the dependences of the Raman shifts on the angle be- 
tween magnetic field direction and z-axis. In Figure [5] 
the angular dependences of the electron- and heavy-hole- 
SFRS are shown for B = 7 T. The e-SFRS line (closed 
squares) weakly shifts with the angle 9 increasing from 
the Faraday geometry (6 — 0°) to the Voigt geometry 
(6 = 90°). On the contrary, the hh-SFRS line (closed 
circles), measured at the exciton resonance, shows a 
strongly anisotropic behavior. The Raman shift can be 
described by the longitudinal and transverse g factor val- 
ues. The dependence of the g factor on the tilting angle 
9 is given by 

9(0) = cos0)2 + ( ff -Lsin0)2. (2) 

Fits of the spin-flip Raman shifts AEgp(9) = g(9)fiBB 
by Eq. @ give the following g factor tensor components 
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FIG. 6. (Color online) Angular dependence of the spin-flip 
Raman shifts at B — 7 T and T = 1.8 K. The experimental 
error of the Raman shift does not exceed the symbol size. 
The e-SFRS (closed squares), measured at exciton resonance, 
shows only a slight anisotropy, while the Raman shift of the 
heavy-hole line (closed circles) strongly depends on tilting of 
the magnetic field direction. The solid curves represent fits 
based on Eq. ((2]). The intensities of e- and hh-SFRS (open 
symbols), recorded at T + resonance, vary strongly with 9. 
In particular, for 6 > 25° the e-SFRS line disappears. The 
angle-dependent e- and hh-SFRS shifts coincide for exciton 
and trion excitations. 



of electron and heavy-hole^: 
g\ = -1.71 ±0.01 , 

sllh = - 



-1.52 ±0.01, g& 



-1.62 ±0.01, 
-0.15 ±0.02. 



Due to the nonlinear magnetic field dependence of the 
hh-SFRS line in Faraday geometry, see Fig. [4j the given 
Shh vame i s valid for the particular field of B = 7 T. For 
B < 6 T the longitudinal g factors of electron and heavy- 
hole are about equal. The conclusion on the negative sign 
of <7^" h is made from the fact that for all angles its value is 
larger than zero2£. From these data, the longitudinal and 
transversal g factors of the exciton can be estimated. By 
use of the definition gx = <?hh — <?c for the bright exciton 
we obtain g x = 0.19 ± 0.01 and g£ = 1.47 ± 0.02 at 
B = 7 T. 

SFRS spectra for p-type and n-type regimes measured, 
respectively, without and with illumination are shown in 
Fig. [7] for different geometries and excitation conditions. 
In Voigt geometry and at the exciton resonance both e- 
and hh-SFRS lines are observed in the p-type regime, see 
the black curve in Fig.JT^a). Due to the fact that the g^ h 
value is very small the hh-SFRS line is seen as a shoulder 
in close vicinity to the laser line. Under illumination 
the hole signal disappears and the SFRS spectrum (red 
curve) solely contains the e-SFRS line. Note, in Voigt 
geometry the ratios between the e-SFRS line maxima and 
the PL background are smaller than the corresponding 
ratios in the Faraday geometry, compare with Figs. HJa) 
andEfb). 

The angular dependence of the SFRS probed at the 
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FIG. 7. (Color online) SFRS spectra measured with (red line) 
and without (black line) above-barrier illumination with P a = 
0.04 W/cm 2 . B = 7 T and T = 1.8 K. (a) On the exciton 
(En = 1.6043 eV) in Voigt geometry, (b) On the trions (E R = 
1.6007 eV) in tilted geometry (6 = 25°). Here, both electron- 
and heavy-hole-SFRS lines are visible for the T + resonance, 
(c) On the trions (En = 1.6007 eV) in Voigt geometry. 



positive trion manifests itself in a strong variation of the 
SFRS intensities. In Faraday geometry the T + excita- 
tion yields an e-SFRS line, marked by open diamonds in 
Fig. while a heavy-hole spin-flip is absent. In tilted 
geometry with an angle from 8 ~ 15° to 25° the spin- 
flip of both electron and heavy-hole can be identified 
from their partially overlapping SFRS lines. A corre- 
sponding SFRS spectrum for 9 — 25° is shown by the 
black curve in Fig. [7jb) . The e-SFRS intensity decreases 
with increasing angle and vanishes for 8 > 25°, while the 
hh-SFRS becomes stronger and demonstrates the same 
angle-dependent shift as the one at the exciton resonance, 
see open triangles in Fig. [6j These angle dependences im- 
ply that the e- and hh-SFRS processes, probed at the T + 
trion, have different scattering probabilities and involve 
SFRS mechanisms, which are differently influenced by 
the tilting of the magnetic field. It is interesting that, 
while the e-SFRS at the T + remains disappeared in the 
Voigt geometry, it can be measured on the T~ trion un- 
der illumination, as demonstrated in Fig. E[c) . 

The magnetic field dependences of the SFRS line in- 
tensities are shown in Fig. [8] In Faraday geometry, the 
linear evolutions in the half-logarithmic representation 
demonstrate that the e- and hh-SFRS intensities probed 
at the exciton resonance increase exponentially with B 
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FIG. 8. (Color online) Intensities of the electron- and heavy- 
hole-SFRS lines shown as a function of magnetic field. They 
are measured for Faraday and Voigt geometries at the exciton 
and trion resonances, T = 1.8 K. In Faraday geometry, the 
counter-circular for the e-SFRS and co-circular polarization 
for the hh-SFRS was chosen. In Voigt geometry, the polar- 
ization was set to crossed-linear. 



by much more than two orders of magnitude from 4 to 
10 T. On the contrary, the e-SFRS intensity increases 
by much less than two orders of magnitude in Voigt ge- 
ometry. The e-SFRS intensity at the T~ resonance is 
about constant with increasing magnetic field in Faraday 
geometry, see the green triangles. 



D. Temperature and power dependence of SFRS 

In Figure |H] the intensities of the electron- and heavy- 
hole-SFRS lines are shown as function of the lattice tem- 
perature varied from 1.3 up to 9 K (see top scale). The 
measurements were done in Faraday geometry at B = 
9 T. The SFRS processes induced in the exciton complex 
by excitation with a photon energy E™ ld = 1.6035 eV 
are indicated by open symbols, while the closed squares 
refer to the e-SFRS at higher energy E^ gh = 1.6043 eV. 
The e- and hh-SFRS lines are strongly sensitive to tem- 
perature. Already at T = 5 K their intensities are at 
least twice smaller than that at 2 K, whereas at 9 K 
they almost vanish. The temperature-dependent SFRS 
intensities follow Arrhenius-like exponential equations 



Isf = lo 



1 — exp — 



(3) 



where Iq is the intensity amplitude, fee the Boltzmann 
constant, and e the deactivation energy of the corre- 
sponding SFRS process. The hh-SFRS is described by 
a deactivation energy of only 0.1 meV. By comparison, 
the fittings of the e-SFRS data yield deactivation energies 

of 0.3 meV for and °- 8 meV for E x d - Although 

the absolute intensity of the high-energy e-SFRS is large, 
its deactivation energy is about three times smaller than 
that for E% id . The deactivation energies of the e-SFRS 
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FIG. 9. (Color online) Temperature dependence of the 
electron- and heavy-hole-SFRS intensities for resonant ex- 
citation of the exciton and T~ trion (Faraday geometry). 
Exponential fits after Eq. (J3J), from which the deactivation 
energies of the SFRS processes are evaluated, are given by 
lines. The e-SFRS is probed in resonance with the exciton at 
E% id = 1.6035 eV or E^ sh = 1.6043 eV as well as the nega- 
tive trion at E T - — 1.6011 eV, the polarization configuration 
is (a + , <t~). The hh-SFRS excited in the exciton is measured 
in (<r + ,cr + ) configuration. 



processes are smaller for larger excitation energies. More- 
over, e for _E™ ld is similar to e — 0.7 meV for the negative 
trion resonance, see the green triangles in Fig. [§] 

Since the exciton binding energy in the studied 
CdTe/(Cd,Mg)Te QW is about 12 meV and that of a 
trion is about 2-3 meV ) 27 ' 28 e cannot be attributed to 
dissociation of either trions or excitons. The energies e 
for the exciton and negative trion are rather compara- 
ble with the line width of their PL lines, which is about 
0.9 meV, see Fig. [TJ(b). These inhomogeneous PL line 
widths are determined by fluctuations of the confinement 
potential along the QW plane due to QW width and al- 
loy fluctuations. Therefore, we associate the deactivation 
energy with the localization energy of the corresponding 
exciton complex or rather with the energy to excite a 
carrier from localized to quasi-free states. For higher 
excitation energy, the exciton complexes become less lo- 
calized, leading also to a reduction in the deactivation 
energy. This underlines that localization is essential for 
SFRS processes to occur. For delocalized exciton com- 
plexes, however, the SFRS disappears. 

In the following the impact of the power density of 
above-barrier illumination on the SFRS processes will be 
highlighted. A gradual increase of the illumination den- 
sity allows us to tune the resident carrier concentration 
in the QW and change its type from holes to electrons. 
Respective changes can be detected by PL spectra, and 
should be evident in SFRS spectra as well. Experimental 
information about the response of PL and SFRS signals 
on the illumination intensity, which changes by five or- 
ders of magnitude, is collected in Fig. [TUJ 
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FIG. 10. (Color online) Dependence of the SFRS and PL 
intensities on the density of the above-barrier illumination in 
Faraday geometry at B — 9 T and T = 1.8 K. (a) Intensity 
ratios of the a + or a~ polarized PL between exciton (X) and 
trion (T), excited only by P a — 2.33 eV photons, (b) and (c) 
Enhancement and quenching of the electron- and heavy-hole- 
SFRS intensities by the illumination in cross- (a + , a~) and co- 
circularly (a + ,a + ) polarized configurations. The density of 
the resonant excitation is Pr = 0.5 W/cm 2 . The e-SFRS for 
resonant excitation of the trion (Pr = 1.6011 eV) is marked 
by open squares, the other experimental data (closed symbols) 
are taken at the exciton resonance (En = 1.6037 eV). 



The turnover in the type of the resident carriers can 
be conveniently traced by the changes in the ratio of ex- 
citon and trion PL intensities, Ix/It, measured in two 
circular polarizations. One can see in Fig. Hfd) that the 
magnetic field dependences of the circular polarization 
degree are similar for the exciton and T + , while T~ has 
a strongly different behavior. Therefore, one cannot ex- 
pect changes in both polarizations for the Ix/It depen- 
dences, when the resident holes prevail. Respectively, 
a strong dependence should appear when the resident 
electrons will take over with increasing illumination den- 
sity. Such a turnover can be clearly seen in Fig. fTUTa) at 
P a = 2 x 10~ 3 W/cm 2 . 

The presence of such turnover in the resident car- 
rier type is nicely demonstrated by the SFRS intensities, 
which are shown in Figs. ITUT b) andfTUtc). Here, different 
excitation densities and polarization configurations were 
chosen to highlight both electron and hole Raman signals. 
With increasing P a the hh-SFRS looses intensity (see 
closed circles) and disappears for P a > 4 x 10~ 3 W/cm 2 . 



At the same time the e-SFRS intensity increases and 
reaches maximum at P a « 5 x 10~ 2 W/cm 2 for reso- 
nant excitation of the exciton (red triangles) and at about 
5 x 10~ 3 W/cm 2 for the T~ resonance (open squares). 
At higher illumination densities the e-SFRS intensities 
decrease and vanish above 0.5 W/cm 2 . 

The different positions of the e-SFRS intensity maxima 
for X and T~ excitation and their differently strong de- 
creases with increasing power density indicate that they 
differ in their physical origins. For the exciton, its life- 
time is shortened at high illumination intensities due to 
the increased probability of being captured to T~ trion. 
At the T~ resonance, heating of the resident electrons 
and their derealization are relevant. They reduce the 
lifetime of the scattering state and, in turn, the inten- 
sity of the e-SFRS line. Such explanation is supported 
by the strong temperature dependence shown in Fig. [5] 
and the nonmonotonic changes in PL intensities at higher 
illumination densities P a > 1 W/cm 2 in Fig. HUT a). 

In order to demonstrate that the carrier separation 
(electrons are collected into the QW and holes are cap- 
tured in the barriers) under above-barrier illumination is 
the leading mechanism of the observed changes in SFRS 
signals, we performed experiments at below-barrier illu- 
mination with an energy of 1.88 eV. It was found that 
for similar power densities as used for the above-barrier 
illumination in Fig. [10] the SFRS intensity remains un- 
changed. Only at larger illumination densities the SFRS 
lines become suppressed, most probably due to dereal- 
ization of the resident carriers or shortening of the exciton 
lifetime. 

In Table Q] the characteristics of the experimentally ob- 
served SFRS lines are summarized. The type of the SFRS 
process is classified with respect to the excitation en- 
ergy, which is in resonance with either exciton or trion. 
Additionally, the application of above-barrier illumina- 
tion is indicated. The deactivation energy as well as the 
dominant circular polarization configuration are speci- 
fied. The mechanisms responsible for the SFRS processes 
in Faraday and tilted geometries, which will be discussed 
in detail in the following sections, are also given in the 
Table. 



IV. MODEL CONSIDERATION 

A. Faraday geometry 

Insight into the SFRS mechanism can be gained by 
analyzing the underlying selection rules for the circu- 
larly polarized Raman spectra measured in Faraday and 
backscattering geometry. In the electric-dipole approxi- 
mation the total change of the photon angular momen- 
tum projection amounts to Al — or ±2. When the 
projection of the total angular momentum of the exciton 
complex j z on the z-quantization axis changes by ±2 the 
transitions are circularly co-polarized, while for = 
they are either linearly or crossed-circularly polarized. 
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TABLE I. Properties of the different SFRS lines for resonant excitation of the exciton (-Ex) and trion (Et) complexes. The 
properties in columns 3 and 4 refer to Stokes scattering. Above-barrier illumination is indicated by E a . The deactivation 
energy e and the dominant circular polarization configuration (a v ,a 1 ), abbreviated by (777), are designated. The geometries, 
in which the SFRS lines are observed, are marked by the tilting angle range. The main SFRS mechanisms for Faraday and tilted 
geometries are listed in columns 6 and 7. They refer to anisotropic exchange interaction (H exc h), interaction with an acoustic 
phonon, fast hole spin relaxation (l/rj 1 ^> 5), magnetic-field induced electron state mixing, and light-heavy-hole mixing. 
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For resonant probing of a heavy-hole exciton, the opti- 
cal excitation of the states \j z ) — |s z , c , J 2 ,hh) = | + 1) = 
I -1/2, +3/2) and |-1) = | +1/2, -3/2) by absorption of 
o + and er~ polarized light, respectively, is allowed. Here, 
s z . c and j 2i hh designate the projections of the electron 
spin and heavy-hole angular momentum onto the z-axis. 

In the following the electric-dipole selection rules are 
analyzed for SFRS processes involving a neutral exciton, 
negative or positive trion as an intermediate state. For an 
ideal (100)-grown CdTe/(Cd,Mg)Te QW the symmetry is 
given by the irreducible representation D2d- The heavy- 
hole subbands are separated from the light-hole ones by 
quantum confinement and strain caused by mismatch of 
the QW and barrier lattice constants. A magnetic field 
applied along the QW growth axis lifts the spin degener- 
acy of the electron and heavy-hole states. For simplicity 
we consider the Stokes scattering of a a + polarized inci- 
dent photon. The possible SFRS processes for the three 
exciton complexes are schematically illustrated in Fig. 1111 

(i) Exciton 

The incident a + polarized photon creates an exci- 
ton in the state | + 1) = | - 1/2, +3/2). A single 
spin-flip of either the electron or heavy-hole leads 
to a dark exciton state of | + 2) = | + 1/2, +3/2) or 
I — 2) = I — 1/2, —3/2), respectively. Hence, Raman 
scattering of a single carrier spin in an exciton is 
not observable. However, the simultaneous rever- 
sal of the electron and heavy-hole spins is allowed. 
This exciton spin-flip scattering process from | + 1) 
to I — 1) is induced by an acoustic phonon, as shown 
in Fig. fTTT iV The exciton annihilation yields a scat- 
tered photon having opposite circular polarization 
than the incident one, i.e. a~ polarization in the 
considered example. Therefore, the exciton-SFRS 
is observable in the (a v , a~ v ) configuration. The 
Raman shift is given by the exciton Zeeman split- 
ting: AE SF = AE X - 

(ii) Negative trion, singlet state 

The <7 + polarized incident photon can excite a neg- 
ative singlet trion | + 1/2, -1/2, +3/2). Hereby, 
a resident electron with spin +1/2 should be in- 
volved, see Fig. [TTTii). For T~ the electron spin- 



flip (SF) is forbidden by Pauli's exclusion prin- 
ciple. Only the unpaired heavy-hole can flip its 
spin via acoustic phonon scattering, thus, the T - 
trion is scattered from | + 1/2, —1/2, +3/2) to 
I + 1/2,-1/2,-3/2). The T" annihilation leaves 
behind a o~ polarized scattered photon and a spin- 
down electron. Therefore, the relevant polarization 
configuration is (cr' ) , <r~ r '), and the Raman shift is 
equal to AEsf = AE C + AE^h, coinciding with 
that of the exciton. Note, since the sign of AE e (hh) 
depends on the sign of the electron (heavy-hole) g 
factor, Aii^hh) can be either positive or negative. 

(iii) Positive trion, singlet state 

By analogy with the negative trion the resonant 
probing of the positive trion | — 1/2, —3/2, +3/2) 
solely yields a SFRS process of the unpaired elec- 
tron spin. It scatters from s ZyC = —1/2 to +1/2 via 
an acoustic phonon, see Fig. [Til in). The annihila- 
tion of the | + l/2, —3/2, +3/2) trion results in a <r~ 
polarized photon and leaves a | + 3/2) heavy-hole. 
The respective selection rule is (a n ,a~ n ), and the 
Raman shift is again AE$f = AE C + AE^. 

One can figure out that all three processes shown in 
Fig. [UJ have several common features. 

• Second-order Raman process, which only accounts 
for incoming (absorption) and outgoing (emission) 
photons, is forbidden^. Instead, the SFRS pro- 
cesses involve an intermediate state, thus, they are 
of third order. 

• Scattering is provided by an acoustic phonon. 

• The scattered photon has opposite polarization 
with respect to the incident photon. 

• For spin-flip processes within trions the unpaired 
carrier spin is actively flipped, the resident carrier 
is left with opposite spin orientation. 

• All processes have the same Raman shift AE^f = 
AEx — AE C + Ai?hh- 
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FIG. 11. Schemes of electric-dipole allowed SFRS Stokes-processes for exciton, negative and positive trions. The Faraday 
geometry is considered for uncoupled light-hole and heavy-hole states. The resonant excitation is a + polarized, (i) For an 
exciton the flip of its spin is allowed via acoustic phonon scattering, (ii) In the T~ the heavy-hole spin is scattered by an 
acoustic phonon. The difference between the incident and scattered photon energies is hu>i — fkjj s > thus representing a Stokes 
process, (iii) In T + the unpaired electron spin interacts with an acoustic phonon. For both trions the Raman shifts are equal 
to AE e + AE hb . 



B. Voigt geometry 

In semiconductor QWs with cubic symmetry the spin- 
flip Raman scattering is governed by the differential scat- 
tering cross-section being proportional to |(e; x e*) x B| 2 . 
In the backscattering geometry, the cross product of the 
polarization vectors of the incident e; and scattered light 
e s with the magnetic field vector B differs from zero only 
if the magnetic field has a nonzero component perpen- 
dicular to the light propagation direction. Contrary to 
the Faraday geometry, in the Voigt geometry the exter- 
nal magnetic field is perpendicular to the light wave vec- 
tor and to the structure z-axis. In this case the carriers 
and exciton complexes cannot be described by spin ba- 
sis states. As a result, for trions second-order Raman 
processes become allowed. They do not require inter- 
mediate phonon scattering and, therefore, have a higher 
probability in comparison to the third-order processes 
considered for the Faraday geometry. Nevertheless, the 
third-order processes are also allowed in Voigt geometry 
as additional ones for trions and as the main process for 
the exciton. These details are schematically illustrated 
in Fig. 1121 Hereby, in order to reflect the real proper- 
ties of the studied structure with nonzero value of g^ h , 
we consider the heavy-hole wave functions on account of 
finite admixture of the light-hole state a 30 i 31 . The optical 
transitions are analyzed in commonly used crossed-linear 
polarizations. 

As indicated by the nonlinear magnetic field depen- 
dence of the heavy-hole-SFRS shift, see Fig. HI light-hole 
and heavy-hole states become mixed. For valence-band 
mixing induced by local QW deformations or an asym- 
metric interface potential 3 -^—, the lowest energy hole 
states take the form 

|^)(x|±3/2)-/3|Tl/2). (4) 
Here, j3 characterizes the hh-lh admixture. The hole wave 



functions in Voigt geometry are superpositions given by 



1 
75 



The electron wave functions are also composed of both 
spin basis states with equal probability: 

i=(|±l/2)±|Tl/2». 

The confined bright and dark exciton states can be fac- 
torized into the product of the electron and hole states. 

It is worthwhile to note that in the case when the mix- 
ing of hh- and lh-states in the QW is absent, g^ h = and 
the hole state does not split in the Voigt geometry. As 
a result, the second-order SFRS for the T + trion is not 
detectable, as the scattered photon energy coincides with 
the laser excitation energy. Also in this case, the Raman 
shifts provided by third-order processes for exciton and 
trions coincide with the electron Zeeman splitting, since 
A-Ehh vanishes. 



C. Tilted geometry 

In tilted geometry the contribution of the spin basis 
states to the specific spin state is additionally controlled 
by the tilting angle between the magnetic field direc- 
tion and QW growth axis. The mixing of the electron 
states established via the coupling between the in-plane 
component of the magnetic field vector and transverse 
electron g factor can be described by^i: 



cos(0/2)| ± 1/2) ± sin(0/2)| T 1/2). (5) 



The hh-lh mixing is affected by the coupling of B to a 
nonzero in-plane magnetic moment of the heavy- hole due 
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FIG. 12. Schemes of electric-dipole allowed SFRS Stokes-processes for exciton, negative and positive trions in Voigt geometry. 
The resonant excitation is linearly polarized. Second-order Raman processes are shown by thick arrows in the scattering channel, 
and thin arrows indicate third-order processes involving phonons. (i) The exciton spin is flipped via acoustic phonon scattering. 

(ii) For T~ a second-order process provides an e-SF. The Raman shift for the third-order process is equal to AE C + AEhh- 

(iii) For T + a second-order process provides a hh-SF, which is rather small, and the shift for the third-order one is given by 
AE e + AEhh- Note, for both trions in the singlet state only the wave functions of the unpaired carrier are designated. 



its transverse g factor g^ h ^ 0. Therefore, in tilted ge- 
ometry the probability of the mixing between the heavy- 
hole and light-hole states differs from that in Faraday 
and Voigt geometry. Correspondingly, the hh-lh mixing 
coefficient j3 depends on the tilting angle 0. The hole 
wave functions take the following form: 

= cos(0/2)| ) ± sin(0/2)| g^}. (6) 

Taking the T + trion as example, incident light which is 
vertical-linearly polarized excites the positive trion into 
the state |^ e _ , $Z, whereby the resident hole ini- 
tially occupies the | <2v~ ) state. Due to the mixed con- 
duction band states, the axial symmetry of the complex, 
and the occupation of both hole spin states, neither the 
electron nor the holes need to change their spin states 
to allow for a hh-SFRS process. The final stage of this 
second-order SFRS process is governed by the annihila- 
tion of the trion | <P~ , $^ , <P^) which leaves a hole in the 
|^~) state. The energy difference between the incident 
and scattered light is determined by the hole Zeeman 
splitting. 

The respective Raman processes allowed in second and 
third orders are schematically shown in Fig. 1131 One can 
easily see by comparing with Fig. [12] that the processes 
allowed in tilted and Voigt geometries are similar. The 
main difference results from the larger Zeeman splitting 
of the heavy-hole in the tilted case, so that the hh-SF 
becomes well separated from the laser line and can be 
detected experimentally. 



D. Carrier-carrier exchange interaction 

Exchange interaction between carriers is a key ingredi- 
ent of the spin-flip related Raman scattering. Two types 
of exchange interactions between two spin carriers in a 



QW can lead to spin flip-flop or flip-stop Raman pro- 
cesses. 

The isotropic carrier-carrier exchange provides the flip- 
flop of both carrier spins. Considering Faraday geometry 
(B || z), the spin flip-flop is described by the Hciscnberg- 
like Hamiltonian 

Hd = Jd {<7xS&x,2 + Oy,\Oy,2) ■ (J) 

Here, J<j is the exchange integral and <r x . y are the Pauli 
matrices of the two carriers. 

Anisotropic flip-stop-like exchange interaction results 
from spatially shifted probability densities of two spin 
carriers; in very common case we consider electron and 
hole of an exciton. The centers p and p^ of their in- 
plane localization areas shall not coincide. The presence 
of the in-plane preferential direction p c — ph lowers the 
symmetry of the exciton complex. Since the projection 
of the angular momentum on the axis defined by p c — ph 
is not preserved, the restrictions imposed by the angular 
momentum conservation are lifted. This symmetry re- 
duction allows an anisotropic exchange interaction which 
flips the spin of one carrier while leaving that of the other 
unchanged. Correspondingly, it is called flip-stop-like ex- 
change interactio n 13 i 35 i 36 . The Hamiltonian of the flip- 
stop-like e-h exchange interaction is given by 

i^ h = (A h 4 + A*a h K. (8) 

Here, Ah and A^ are complex coefficients, and the Pauli 
matrices <j\ and <j\ = (a x ± \cr y )/2 act on the electron 
or, respectively, light-hole and heavy-hole states which 
are described by their basis states l/^/2\x — iy) \ \) and 
-1/V2> + iy)\ t) for hh, 1/V6(|z - iy)\ t) + 2|*)| |)) 
and -l/V6(|a: + iy)| J,) - 2\z)\ t)) for lh. 

As indicated, the anisotropic exchange requires a sym- 
metry reduction due to spatially mismatched probabil- 
ity densities of the in-plane electron and hole wave func- 
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FIG. 13. Schemes of electric-dipole allowed SFRS Stokes-processes for exciton, negative and positive trions in tilted geometry. 
The SFRS mechanisms correspond to that in the Voigt geometry, only the hole spin-level separation is larger. Note, for both 
trions in the singlet state only the wave functions of the unpaired carrier are designated. 



tions. To describe anisotropic exchange interaction be- 
tween carriers with identical charges like e-e or h-h one 
can use the Hamiltonian Eq. © with respective Pauli 
matrices. In a magnetic field the Hamiltonian Eq. (|SJ) is 
responsible for the spin- flip. The effective field which is 
produced by the one carrier due to its Larmor precession 
around the magnetic field direction is felt by the other 
carrier, and vice versa. The efficiency of e-h anisotropic 
exchange in a magnetic field is determined by the dif- 
ference in the electron and hole g factor values. If their 
g factors are identical, the time-dependent probability 
of spin exchange will be proportional to sin 2 ( J exc ht/2), 
where J cxc h is the exchange constant^!. For different g 
factors the strength of the anisotropic exchange depends 
on the mismatch between the electron and hole g fac- 
tors. Thus, the probability of an exchange interaction 
process is scaled by the Larmor frequencies oj l = g^B /h 
of the electron and hole. The probability p oxc h for the 
anisotropic e-h exchange interaction is then given by^ 

fWh « h 2 /{^Bf J 7 h 2 (9) 

where T is the damping constant being inversely propor- 
tional to the exciton lifetime. Consequently, for strongly 
anisotropic hole and isotropic electron g factors one can 
expect a strong angular dependence of the Raman scat- 
tering efficiency for the flip-stop process. 

V. DISCUSSION 

In this section, the model expectations considered in 
the previous section will be compared with the experi- 
mental data for the studied CdTe/(Cd,Mg)Te QW. We 
start our consideration with trions, where the situation 
is simpler and mostly in agreement with the model ex- 
pectations. Then we move to the SFRS on the exciton, 
which is more complicated, and its explanation requires 
the treatment of additional mechanisms. 



Among all the present experiments we did not observe 
a SFRS process that corresponds to AE$f = AEx = 
AE C + AE'hh, as illustrated for Faraday geometry in 
Fig. QTJ But we found Raman shifts of AE e and A£hh- 
Clearly, we need some new (different) mechanism to ex- 
plain them. Obviously, symmetry reduction has to play 
an important role in this context. 

Before we start to consider individual cases for exci- 
ton complexes a general comment on the specifics of the 
studied QW is helpful. As the electron and heavy-hole 
Zeeman splittings coincide in Faraday geometry in low 
magnetic fields and differ only slightly in higher fields, 
see Fig. [4j the experimental observation of the SF line 
with AE'sf = AE C + AE^h is hindered by the laser stray 
light. Therefore, the observation of the SF process with 
AE C + AShh predicted for the exciton and trions by the 
schemes in Fig. [TTJ is difficult, and in fact was not found, 
see Figs. [5] and [3] But we could not judge from our data 
that these processes are not efficient. The exciton-SFRS 
was reported in earlier work on thinner CdTe/ (Cd,Mg)Te 
QWs, where the electron and heavy-hole g factors are not 
equal to each other—. 

A. SFRS at positive trion 

Here, we discuss experimental results measured in the 
p-type regime, i.e., without above-barrier illumination, 
under resonant excitation of the T + trion state. In ac- 
cordance with scheme (iii) of Fig. [TT] carrier spin- flips are 
not present in Faraday geometry, see Fig.[3](a). The weak 
e-SF feature in (cr + , er~) polarization is related to the mi- 
nor presence of resident electrons. It has much stronger 
intensity for T~ in the n-type regime, see Fig. [3Jb) and 
Sec. lVBl The SF based on a phonon-assisted Raman pro- 
cess is not seen, most probably due to the small value of 
AE C + Ai?hh, as discussed above. 

In Voigt geometry shown in Fig.[7][c) no SFRS features 
are found. The possible hh-SF suggested in Fig. [T2liii) 
is located too close to the laser line due to the small 
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transverse hh g factor. Owing to the strong background 
PL it cannot be resolved, in contrast to the resonant 
exciton excitation, see Fig. [7(a), where the hh-SF is seen 
as a shoulder of the laser line. 

In tilted magnetic fields the hh-SF is observed for the 
angles 15° < 6 < 90°, see Figs. [7(b) and 6 (open tri- 
angles) . As noted in Table [IJ this is in accordance with 
the dominant second-order process from Fig. fPBT iii) based 
on mixed electron states. By analogy with the e-SF in 
Faraday geometry, the weak e-SF, shown in Fig. [7(b) for 
6 = 25°, is due to the presence of resident electrons in the 
p-type regime, i.e., it is not attributed to the properties 
of the T+ state. 



B. SFRS at negative trion 

For T~ in the n-type regime one can expect similar 
scenarios as for the T + trion. And this is indeed the 
case for Voigt and tilted geometries, see Figs. [7(c) and 
[7(b), where the e-SF allowed in second-order is clearly 
seen. The strongest intensity is achieved in the Voigt 
geometry in agreement with the schemes of Figs. [T27ii) 
andfTBTii). 

The surprising fact is the observation of the relatively 
strong e-SF in the (a + ,a~) polarization in Faraday ge- 
ometry and the much weaker line in the (c - , <r~ ) po- 
larization, see Fig. [3(b) and Table [IJ This cannot be 
explained within the frame of the process depicted in 
Fig. Illf ii). It requires the involvement of an other mech- 
anism. Such mechanism is suggested in Fig. 1141 Note, 
for convenience we choose the single-particle representa- 
tion in the scheme, in contrast to the exciton-complcx 
representation used in Figs. ITTl [T2l and IT51 The resident 
electron is in the | + 1/2) state, and a a + polarized pho- 
ton generates a | — 1/2, +3/2) pair of carriers which forms 
a T~ with the resident electron. Scattered light with o~ 
polarization results from the recombination of the | + l/2) 
electron with a hole occupying the virtual state | — 3/2) in 
which the hole is scattered by anisotropic e-hh exchange 
interaction defined by Hamiltonian Eq. ([Sjl. The virtual 
hole state | — 3/2) has similar energy as the | + 3/2) 
state, and the hole spin splitting does not contribute to 
the Raman shift. The suggested mechanism is of third- 
order and can be relatively efficient. The presence of the 
weak signal in [o~ ,cr~) polarization configuration is due 
to the admixture of lh into hh state. 

Two alternative mechanisms can be proposed. In a 
fully symmetric negative trion where the electron spins 
form a singlet, an e-SF will only be observable if the 
hole spin relaxes very fast^S. However, one can expect 
that the hole spin relaxation in T~ is slow-2£. Also, a 
SFRS mechanism based on the admixture of triplet trion 
states to the singlet ones can be excluded for magnetic 
fields smaller than 20 T^i since at low B-fields they are 
separated in energy by more than 2 meV. 



Faraday, e-SFRS , T 




- )8 l-l/2> 

FIG. 14. Scheme of e-SFRS Stokes-process for the negative 
trion in the Faraday geometry presented in the single-particle 
picture. It requires the anisotropic e-hh exchange interaction. 
The photo-hole is scattered into the virtual heavy-hole state 
| — 3/2). The e-SF line is present in the (cr + , a~) and (a~ , a~) 
configurations. The latter is weak being proportional to the 
admixture of the lh state to the hh one. A radiative transition 
is marked by a curved arrowed single-line. The blue-colored 
arrowed double-line denotes anisotropic exchange interaction. 



C. SFRS at exciton resonance 

The exciton-SF as suggested by Figs. [TT(i), [l~2lX l and 
11314 ) is not found in any geometries. In Faraday geom- 
etry, the exciton Zeeman splitting in the studied QW is 
too small to be resolved. In tilted and Voigt geometries, 
the absence of the exciton-SF line can be explained by 
its relative weakness and broadening, as well as by the 
presence of efficient alternative channels (mechanisms). 
However, the heavy-hole- and electron-SF lines appear 
in the Raman spectra shown in Figs. [2] and [7(a). In the 
following, we discuss possible scattering mechanisms for 
these processes by distinguishing between the p-type and 
n-type regimes. 

p-type, hh-SF. In the p-type regime in Faraday ge- 
ometry a strong hh-SF is observed in {a + ,a + ) polar- 
ization, see Fig. [2(a). In the three other polarizations 
its intensity is about 30% of the highest one. This line 
shows a strong anisotropic behavior (Fig. [5]), as expected 
for the hh spin in a QW, and is even resolved in Voigt 
geometry, see Fig. [7(a), due to the finite value of g^ h . 
The hh-SF line disappears with increasing illumination 
intensity, i.e., with the transition to the n-type regime, 
demonstrated in Fig. [10(c). 

The related third-order scattering process based on 
flip-stop hole exchange interaction is shown in Fig. [15(a). 
In the case of Stokes scattering a circularly polarized pho- 
ton creates a | — 1/2, W^) exciton. A resident hole (rh) is 
assumed to be neighbored to the photogenerated exciton. 
The wave function of the localized resident hole is spa- 
tially shifted from the wave function of the photo-hole. 
Due to the spatial in-plane separation the anisotropic ex- 
change interaction between both holes becomes possible. 
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FIG. 15. Schemes of the hh- and e-SFRS Stokes-processes 
at the exciton resonance in Faraday geometry in the single- 
particle representation, (a) Third-order process describing 
the hh-SF for the different polarization configurations. The 
intermediate state is provided by flip-stop spin scattering of 
the resident hole by the photo-hole, (b) The e-SFRS process 
is based on interaction of the electron with an acoustic phonon 
at first intermediate stage. At second stage, the hole change 
its spin state due to its fast spin relaxation or anisotropic 
exchange between the electron and hole. The circular polar- 
ization degree of the incident and scattered light is indicated 
by the size of the a-symbol. 



The photo-hole induces a spin-flip of the resident hole 
from | iPT) to llfi) via the flip-stop process. By anal- 



ogy with Eq. (|SJ , the interaction Hamiltonian is given by 

4 h xch = (A,h*f + A^K; Finally, the | - 1/2, W+) 
exciton annihilates under emission of light having pre- 
dominantly the same circular polarization as the incident 
one. The energy of the scattered light is reduced by the 
Zeeman energy of the resident hole (AEsf = A£hh)- 
Due to the mixing of hole states it is partially polarized 
and is visible in other polarization configurations. The 
scattering mechanism is active in all geometries, as noted 
in Tablefl] In tilted geometries, only the light polarization 



characteristics are changed particularly by the mixing of 
the electron states. 

n-type, e-SF. In the n-type regime in Faraday ge- 
ometry the e-SF is dominant in the (er + ,<7~) configura- 
tion and is present with 0.15-0.3 intensity in the other 
polarization configurations, see Fig. HJb). This process 
is not expected for the exciton state, as one can see 
from Figs. ITTT i). [I27 i) and flSTi), where the SF with 
AEx = AE C + AEhh is allowed only. Before discussing 
the responsible mechanisms, let us summarize all prop- 
erties of the e-SFRS under resonance excitation of the 
exciton in the n-type regime. Note, a weak e-SF line is 
also present in the spectrum for the p-type regime. It 
has all features of the e-SF in the n-type regime, and we 
explain it by the coexistence of resident electrons in the 
p-type regime. 

(i) The e-SF intensity in the Faraday geometry exceeds 
the one in Voigt geometry by a factor of 35. In order 
to explain this unexpected behavior only one mech- 
anism related to magnetic localization comes into 
consideration. In high longitudinal magnetic fields 
the exciton wave function is shrunk, thus enhanc- 
ing its localization and oscillator strength. This 
in turn leads to longer exciton dephasing and life 
times and, therefore, enhances the SF related Ra- 
man scattering^. As depicted in Fig. the e-SF 
intensity measured in Faraday geometry increases 
exponentially with the magnetic field by three or- 
ders of magnitude, while the one in Voigt geometry 
is only slightly enhanced with the field. The in- 
creasing magnetic field in transverse geometry, as 
expected, weakly affects the dimension of the ex- 
citon wave function and thus the electron spin-flip 
scattering efficiency. 

(ii) The polarization ratio in Faraday geometry, given 
by Eq. IP), amounts to 1 : 0.31 : 0.39 : 0.15 for 
(+—):(++):( ):( — h). The ratios are not sensi- 
tive to illumination, i.e., to the concentration of 
resident electrons. 

(iii) The e-SF intensity maximum is spectrally shifted 
by about AE e from the exciton PLE maximum, 
compare Fig. |3fa) . It is expected for a SFRS pro- 
cess where the outgoing resonance energy coincides 
with the PLE maximum of the exciton. 

(iv) The e-SFRS is sensitive to illumination, shows 
a nonmonotonic behavior with the maximum at 
P a = 0.06 W/cm 2 followed by a strong decrease at 
higher intensities until its disappearance at P a = 
3 W/cm 2 , see Fig. fTUTb 1 ). Note that the decrease 
takes place at power densities where the heating of 
resident electrons, which would lead to a reduction 
in the PL polarization degree, is negligible. 

(v) It shows a strong temperature dependence (Fig. [9]) 
with a deactivation energy of 0.8 meV for the ex- 
citation at the X-maximum and 0.3 meV at the 
high-energy side. 
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By taking into account these properties of the electron- 
SF at the exciton resonance, we can consider two main 
Raman mechanisms with high scattering probabilities. 
Both mechanisms are illustrated in Fig. H"5T b) and noted 
in Table |U 

(1) Exciton only. This mechanism does not involve res- 
ident carriers, only the electron and hole in the ex- 
citon. After a + excitation, the | + 1) exciton state 
is populated. The electron spin-flip accompanied 
with the emission of an acoustic phonon scatters 
the bright exciton to the | + 2) state thus result- 
ing in a Raman shift of AE C + S. The exciton ex- 
change energy S will not contribute if the hole spin- 
relaxation time T-] 1 is very short, i.e., 1/t] 1 ^> <5,w L , 
so that the criterion suggested by Dyakonov et al. 
is fulfilled 39 . The fast hole relaxation mixes the 
hole states | — 3/2) and | +3/2), therefore, the exci- 
ton state | + 2) can recombine with emission of a~ 
polarized light. The criterion 1/t] 1 ^> 6, w L is easy 
to fulfill in the Voigt geometry when the Larmor 
frequency of the heavy-hole is low due to the small 
transverse component of its g factor. To satisfy this 
criterion for the Faraday geometry and high mag- 
netic fields (B 10 T) the spin relaxation time 
should be below 1 ps. However, this is significantly 
shorter than the hole spin-dephasing time of about 
40 ps measured for the sample studied 2 ^ 

This mechanism is also in agreement with the 
strong difference between the e-SF intensities in 
Faraday and Voigt geometries which can be ex- 
plained by the role of magnetic localization be- 
ing stronger in the Faraday geometry. If we ac- 
count for the hh-lh mixing in the studied QW with 
[3 = 0.3, the expected ratios of the different po- 
larization configurations 1 : 0.3 : 0.3 : 0.15 for 
(H — ):(++):( ):( — h) are close to the experimen- 
tally determined ratios. 

The SFRS sensitivity to the illumination can be at- 
tributed to the exciton lifetime, which is limited by 
the exciton capture into trion. Here, we can expect 
a nonmonotonic dependence of the e-SF intensity 
on the major type of resident carrier changing from 
the p-type to the n-type regime, with a maximum 
for an empty QW. It is similar to the dependence 
in Fig. HUT b) shown by triangles. 

The temperature dependence in this case can be 
explained by the exciton localization. It avoids to 
care about the conservation of the light wave vec- 
tor, which is necessary for free excitons. 

(2) Only exciton + anisotropic exchange in exciton. 
This mechanism consists of the e-SF via acous- 
tic phonon scattering and anisotropic exchange be- 
tween the electron and hole in the exciton. The ex- 
change interaction, which leaves the electron spin 
invariant but changes the hole spin, is efficient in 
Faraday geometry due to similar electron and hole 



g factors (see Subsec. IIVD|) as well as spatially 
shifted hole and electron localization centers in the 
QW plane. This anisotropic flip-stop-like exchange 
interaction promotes the hole into a virtual state 
whose energy corresponds to the energy of the ini- 
tial hole state. The virtual state is not an eigenstate 
of the exciton, but serves as an intermediate state 
in the coherent Raman scattering process. Accord- 
ingly, only the energy of the electron Zeeman split- 
ting contributes to the Raman shift in agreement 
with the experimental results. The admixture of 
light-hole to heavy-hole states explains all polar- 
ization properties of the observed e-SF line. In 
comparison to model (1), the probability of the 
whole scattering mechanism is reduced, since the 
additional anisotropic e-h exchange makes it to a 
fourth-order Raman process. 

Both processes (1) and (2) are considered as valuable 
candidates for explaining the e-SF at the exciton res- 
onance. The observed strong decrease in the e-SF in- 
tensity (contrary to expectation) with increasing angle 
between the magnetic field and QW growth direction 
rather supports model (2). Indeed, both models predict 
an enhancement of the e-SF efficiency with the tilting 
angle (/ ~ sin 2 9) due to mixing of the spin-up and spin- 
down states by the transverse component of the magnetic 
field. However, only model (2) includes the competition 
between the above mentioned effect and the angular de- 
pendent strength of the anisotropic exchange interaction. 
The efficiency of the anisotropic exchange in the exciton 
decreases with growing angle owing to the progressively 
increasing mismatch between the electron and hole g fac- 
tors, see Eq. ([9]). On the whole, both e-SFRS models are 
supposed to take place for resonant excitation of the ex- 
citon. In tilted geometries, for both models the light 
polarization characteristics are modified by the electron- 
state mixing. An e-SFRS process of second order is not 
allowed by the mixed electron states in the case of a two 
carrier complex (exciton). 

Note, the efficient mechanisms (1) and (2) can also 
serve as strong competitors for the flip of the exciton spin, 
which could be visible in titled geometries but was not 
detected. The reason for that can be its probability being 
lower than that of the previously described mechanisms 
which conceal the exciton-SFRS. 

Let us discuss other mechanisms leading to the ob- 
servation of e-SFRS for the resonance excitation of the 
exciton. 

(3) Exciton + resident electron, third-order process. In 
contrast to model (1), the electron spin- flip is pro- 
vided by isotropic exchange with a resident elec- 
tron. In accordance with case (1), this mecha- 
nism assumes fast hole spin relaxation giving rise 
to a third-order Raman process whose probability 
is highest in cross-polarization. Although it is sim- 
ilar to the first mechanism, it can be distinguished 
through specific polarization properties when the 
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resident electron is polarized by the external mag- 
netic field. Such resident electron polarization in a 
magnetic field changes the Stokes/anti-Stokes ratio 
of the e-SF line intensities measured in co-polarized 
configurations^. This ratio is then not only defined 
by a temperature factor, but also by the electron 
spin polarization. For instance, the e-SF line for 
the (er + ,<7 + ) configuration might be visible only in 
the Stokes region, and in anti-Stokes for (a~,a~). 
However, such polarization changes were not found 
for the e-SF line, while the applied magnetic fields 
were strong enough to polarize resident electrons. 
Therefore, we conclude that this mechanism is not 
relevant. 

(4) Analog of exciton + resident hole. Another third- 
order mechanism is based on anisotropic exchange 
interaction between the photogenerated and a res- 
ident electron, by analogy with Fig. IToT a). This 
mechanism is valid for the low-symmetry complex 
of a resident electron bound to the photo-exciton, 
where both electron wave functions are displaced. 
Since only the resident electron spin is changed, 
while the one of the photo-electron stays invariant, 
the process is allowed in co-polarized configurations 
and cannot explain the experiment for the e-SFRS. 

The models (3) and (4) based on third-order processes, 
which have rather high scattering probabilities, predict 
properties of the e-SF in the exciton which are contra- 
dictory to the experimental results. Accordingly, they 
can be discarded, and only the models (1) and (2) are in 
reasonable agreement with the experiment. 

D. Effect of above-barrier illumination on e-SF at 
exciton resonance 

The enhancement of the e-SF intensity by the above- 
barrier illumination can be explained by an increase in 
the exciton lifetime. As shown by Koudinov et al42, the 
SFRS intensity depends on the third power of the exci- 
ton lifetime r x or, respectively, the line width of the exci- 
ton state. Due to the background concentration of holes 
the excitons can become trapped in positive trion states. 
This trion formation is the dominant nonradiative decay 
mechanism for excitons. Its formation time r T is about 
a few ps depending on the resident carrier concentra- 
tion, while the exciton lifetime approaches 30 ps. Hence, 
the line width of the exciton will be broadened and, in 
turn, the SFRS intensity decreases. The illumination 
leads to a reduction in the resident hole concentration 
thus making the formation of positive trions less proba- 
ble. Correspondingly, the lifetime of the exciton states is 
increased resulting in a rise in the overall electron-SFRS 
intensity. This rise requires that the scattering time r s of 
the acoustic phonon and spin-spin exchange exceeds the 
trion formation time, and the entire e-SFRS must occur 
within the exciton lifetime: r T < r s < r x . At high power 



densities of the illumination the SFRS intensity will be 
reduced again, as shown in Fig. HUT b). Note that the 
trion formation time and/or exciton lifetime only influ- 
ence the SFRS intensity, while the width of the SFRS 
line is affected by r s . 



VI. CONCLUSION 

The spin-flip Raman scattering of electrons and heavy- 
holes has been studied for resonant excitation of neutral 
and charged excitons in a CdTe/Cdo.63Mgo.37Te quan- 
tum well. For neutral excitons SFRS models taking into 
account high-symmetry potential predict the flip of the 
exciton spin via acoustic phonon interaction in every ge- 
ometry. A single spin-flip of either the electron or heavy- 
hole is forbidden by selection rules in the electric-dipole 
approximation. However, in the Raman spectra mea- 
sured only the single spin-flips are observed. For the 
heavy-hole-SF, the anisotropic flip-stop-like exchange in- 
teraction between the heavy-hole in the exciton and a 
neighbored heavy-hole comes into consideration as scat- 
tering mechanism. Due to spatially mismatched wave 
functions of both holes in the QW plane, reflecting a re- 
duced QW potential symmetry, the anisotropic exchange 
is possible. Hereby, only the resident heavy-hole spin 
state is changed giving rise to a Raman shift correspond- 
ing to 5hh- 

The electron spin-flip scattering in the neutral exciton 
is provided by two mechanisms. They shall describe the 
three main features of the e-SF derived from experiment: 
its strong intensity in crossed polarization configuration, 
intensity enhancement with increasing magnetic field in 
Faraday geometry, and a decrease in intensity by going 
from Faraday to Voigt geometry. In both mechanisms, 
the electron spin is flipped via acoustic phonon interac- 
tion. In order to explain the crossed polarization, model 
(1) assumes a fast hole spin relaxation, and model (2) 
supposes an anisotropic electron-hole exchange interac- 
tion. The first model is of lower scattering order, hence, 
its probability is higher than that of the second model. 
But, model (1) requires a fast hole spin relaxation, and 
cannot describe the e-SF intensity reduction with in- 
creasing tilting angle, in contrast to model (2). Here, 
the anisotropic exchange interaction looses its strength 
due to the increasing difference between the electron and 
heavy-hole Larmor frequencies with growing angle. The 
intensity enhancement with magnetic field strength is at- 
tributed to a stronger magnetic localization giving rise to 
larger spin dephasing and life times of the exciton. The 
circular polarization characteristics of the SFRS lines are 
fully described in consideration of light-heavy-hole mix- 
ing, inherently induced by local QW deformation and 
asymmetric interface potential. 

For positively and negatively charged excitons, the si- 
multaneous spin-flips of electron and heavy-hole are ex- 
pected from the SFRS models in Faraday geometry. Nev- 
ertheless, only an e-SF for the T~ trion is observed. It 
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is based on anisotropic electron-heavy-hole exchange in- 
teraction, which opens the outgoing scattering channel 
for circularly polarized recombination. In tilted geome- 
try, the models allow electron-SF in T~ trion and heavy- 
hole-SF in T + trion due to field-induced electron-state 
mixing. These efficient Raman processes of second order 
are confirmed by experiment. 

In the two-color SFRS measurements with resonant 
excitation of exciton complexes and above-barrier illumi- 
nation, we have shown that the intensity of the electron- 
SFRS can be considerably enhanced by moderate illumi- 
nation power densities. Too high power densities lead 
to reduction in the exciton lifetime and derealization of 
resident electrons. From the temperature dependences 
of the SFRS lines, the deactivation energies of the corre- 
sponding spin-flip Raman processes have been evaluated. 
They are strongly connected to the localization energies 
of the respective exciton complexes. Besides the lifetime 
of the exciton complex under study, also the localization 
degree of the carrier involved in the scattering process 
control the SFRS efficiency. 

We have demonstrated that the spin-flip Raman scat- 
tering gives valuable information not only about the elec- 
tron and heavy-hole g factor tensors, but particularly 
about the spin-flip scattering mechanisms being present 



in neutral and charged exciton complexes. Besides the 
dependence of the spin-flip scattering mechanisms on the 
strength of the magnetic field, lattice temperature and 
laser power, especially the geometry of experiment, the 
polarization properties of the incident and scattered light 
as well as the excitation energy are crucial parameters to 
observe and characterize SFRS processes. 
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